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SUMMARY 
The cavity resonance of a room enclosed by large windows and open 
doors can be s e t   i n t o  motion i f  t h e  windows should suddenly be subjected t o  
an impulsive load, s a y ,  a sonic boom. To determine the conditions and 
possible  damaging consequences of such a resonance, a study has been conducted 
which u t i l i s e s  t h e  method of expressing the windows, a i r  and common doorway 
of two typica l ly  jo ined  rooms i n  terms of equivalent lumped elements. The 
r e su l t an t  dynamic system i s  t r e a t e d  as a s e r i e s  of coupled Helmholtz resonators 
and has as i t s  mathematical description a set of coupled, second order 
different ia l  equat ions.  Solut ions to  these equat ions have  been  generated on 
an analog computer for  severa l  types  of impulsive loading conditions. 
Experiments were also performed on actual scaled modelsto guide the computer 
study. Results describe the conditions for which a maximum of coupling 
occurs between the window and room resonances. 
PART I: EXPERIlWIJTAL AND SIMULATED MODEL STUDIES 
1. INTRODUCTION 
In  recent  full sca l e  tes ts  [1,2] subjec t ing  bui ld ings  to  sonic  booms, 
it w a s  observed that windows backed w i t h  open rooms contained in  the i r  r e sponse  
spec t r a  ce r t a in  low frequency components which could be ident i f ied  wi th  the  
Helmholtz  resonances  of t h e  rooms. Since  conditions  favouring  such  resonances 
are qui te  common i n  modern dwellings which incorporate  large plate  glass  
windows i n  t h e i r  d e s i g n s ,  it i s  becoming increasingly important  that  the 
consequences of  the coupling mechanism between a window and i t s  resonant 
cavi ty  be bet ter  understood.  If a l a rge  window i s  backed w i t h  a closed room, 
the primary effect  of the room air i s  t o  appear as a s t i f f n e s s  t o  t h e  window, 
the  extent  of which depends upon the  window area and room volume. If , 
however, t he  same window i s  backed with an open room, any sudden motion of 
t he  window c o u l d  i n i t i a t e  a Helmholtz resonance i n  t h e  room. Under t h e  
condition of resonance, the room air would appear t o   t h e  window as a time 
vary ing  s t i f fness  and could conceivably act t o  amplify the window's response. 
The present study w a s  undertaken t o  determine the par t icular  room conditions 
under which possible  dynamic amplif icat ion of  the window response would occur. 
The approach used t o  develop a s impl i f ied  descr ip t ion  of  the  problem was t o  
express the window, room air ,  and open doorway i n  terms of equivalent lumped 
elements. An appropriate combination of these lumped elements yields a 
descr ipt ion of the real  system in terms of coupled, second order,  differential  
equations. 
2. LUMPED ELEMENT REPmSENTATION 
A good approximation t o   t h e  dynamical behaviour of a g lass  window 
which i s  mounted i n  a rigid support  frame i s  a simply supported f la t  p l a t e  
which has uniformly distributed mass and e l a s t i c i t y .  If the centre  def lect ions 
of  the  p la te  a re  less  than  0 .6  of  the  p la te  th ickness ,  i t s  dynamic response 
t o  any given load i s  given by l inear  plate  theory.  In  cases  where t h e  p l a t e ' s  
centre  def lect ion exceeds this  amount , Crandall and Kurzweil 131 have noted 
t h a t  t h e  e r r o r s  accumulated by extending the linear theory into the non- 
l inear  load-deflect ion regions are in  the  d i rec t ion  of  conserva t i sm.  For 
the uniform pressure loading assumed i n  t h i s  p a r t i c u l a r  i n v e s t i g a t i o n ,  t h e  
centre  def lect ion of t h e  p l a t e ,  Wma, due t o  t h e  sum contribution of each 
given i n  terms of  the s ta t ic  loading,  q0, t h e  
the  p l a t e  area, ab, by the equat ion [b] 
ind iv idua l  p la te  mode, i s  
f l e x u r a l  r i g i d i t y ,  D,  and 
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This exact solution provides a basis t o  which the equivalent  def lect ions of 
t he  lumped element spring can be compared. 
In  general ,  lumped 
that the parameters defining 
element representation i s  achieved by requi r ing  
the  lump element possess mechanical properties 
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which are  equiva len t  to  those  of t h e  members they represent .  For th i s  case, 
arranging for equivalence between t h e  p l a t e  and lumped element parameters i s  
a somewhat arbi t rary process;  but ,  for  purposes  of comparing experiment with 
theory,  a convenient place t o  start i s  t o  r e q u i r e  t h e  p l a t e  and i t s  
equivalent lumped element t o  have identical  deflections.  This choice not 
only determines an equivalent area fo r  t he  lumped element but also provides 
it wi th  the  same ve loc i t i e s  and accelerat ions at the  p l a t e  cen t r e .  The 
la t ter  i d e n t i t y  r e s u l t s  from the requirement that  a lumped element must always 
have the sane natural frequency as the system it represents .  Two fu r the r  
requirements are needed t o  f i x  t h e  r e l a t i o n s h i p s  between t h e  p l a t e  and lumped 
element parameters. If both systems have the same po ten t i a l  and k i n e t i c  
energies  while  execut ing free vibrat ions,  the lumped element parameters of 
area,  A ' ,  m a s s ,  m ' ,  and s t i f f n e s s ,  k ' ,  may be wri t ten as 
A' = - 4 ab 
2 
IT 
m '  = m / 4  ( 3 )  
k '  = s 4 D ( a 2  + b2)2  
4a3b3 
where m i s  t h e  t o t a l  m a s s  o f  the  p la te  ( see  for  example Lowery [5]). If such 
an equivalent lumped element i s  s u b j e c t e d  t o  t h e  same uniform s t a t i c  l o a d ,  qo, 
as the  rea l  p la te  def lec t ion  g iven  in  equat ion  (l), the  equivalent  def lect ion 
of  the spr ing of t h e  lumped element w i l l  be 
16 q,a b 
v6D(a2 + b2)2  
4 4  
-  
':ax 
A comparison  of the expression for  W '  w i t h  that  given by t h e  m a x  
exac t  so lu t ion  in  equat ion  (1) shows a discrepancy between the two of only 
2;%, an amount which i s  within the  working limits of t h i s  pa r t i cu la r  s tudy .  
I n  moving from s t a t i c   t o  time dependent loading,  contr ibut ions to  the 
window's cent re  def lec t ions  from higher order modes would of course be 
weighted differently depending on the frequency content of the p a r t i c u l a r  
load. However, i n  this  s tudy,  the volume displacing modes which could cause 
Helmholtz resonances i n  open rooms are of primary interest  and, since contri-  
butions from the higher  order  modes a r e  s m a l l  compared t o  the volume displaced 
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by the fundamental (1,l) mode, their  e f f e c t  can be neglected. Thus, even for 
time dependent loadings, the equivalent lumped element  represent ing the actual  
window can be considered t o  be a good approximation. 
Consider next the lumped element representation of the air  enclosed 
by t h e  window and a room.  The technique of  represent ing the air i n  a room i n  
terms of a lumped element is  r e s t r i c t e d  t o  c a s e s  where the pressure dis turbances 
occur nearly uniformly throughout a room. Th i s  r e s t r i c t ion  can be s a t i s f i e d  
by requiring that the wavelength of the window's fundamental mode be large 
when compared t o  a t y p i c a l  dimension of t he  room. Under th i s  condi t ion  the  
act ion of  the air pressure on t h e  fundamental mode of t he  window has the 
e f f e c t  of opposing t h e  window motion with a fo rce  d i r ec t ly  p ropor t iona l  t o  
the  window deflection. This force can thus be thought of as a s t i f f n e s s  
a c t i n g  i n  series with the bending s t i f fness  of  the  window. If the  cyc l i c  
pressure changes i n  t h e  room a i r  a r e  small and occur adiabatically,  the 
acous t ic  pressure  ac t ing  to  inh ib i t  the  window motion can be given i n  terms 
of the  air density,  po, the  speed  of  sound i n  air ,  c the equivalent  window 
area,  A ' ,  t h e  window def lec t ion ,  x ,  and the  room volume, V ,  by the equation [6] 
0' 
The t o t a l  f o r c e ,  F ,  of  the room a i r  ac t ing  on the  window i s  therefore  
p c ~ ( A ' ) ~ x  
V 
0 0  F =  
and the  equiva len t  s t i f fness ,  k", of  the  room air becomes 
Consider l as t  t h e  lumped element representation of the air  mass 
contained i n  a door opening. If the  room air  is  thought of as t h e  s t i f f n e s s  
of t he  Helmholtz resonator ,  the air conta ined  in  the  doorway can be thought 
of as i t s  mass. The requirement i s  tha t  t he  area of  the doorway be s m a l l  
compared t o  t h e  a r e a  o f  t h e  w a l l  which contains it so  t h a t  t h e  air enclosed 
by the  doorway can  behave as an incompressible slug of fluid. A proper 
measure of t h e  i n e r t i a  o f  t h i s  air  mass depends l a rge ly  on t h e  geametry of 
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the room construction about the doorway and hence would vaxy considerably for 
each different design. For t h i s  pa r t i cu la r  s tudy ,  t he  doorway will be 
represented by a c i r cu la r   t ube  which t e rmina te s   i n   t he   p l anes   o f   t he  two 
w a l l s  it jo ins .  S ince  the  volume of air  osc i l l a t ing  in  the  tube  ex tends  
s l i g h t l y  beyond i t s  ends [7], it is  necessary  to  cor rec t  the  tube  length ,  
L, by   the  amount K , where K is  an empirically  determined  constant and 
A i s  the cross-sect ional  area of  the tube.  The e f fec t ive  tube  length ,  L', 
is therefore  
L '  = L + K p  71 . 
The e f f ec t ive  air mass, m: , can then be expressed as 
m r  = p o f i r  e 
3.  MATHEMATICAL MODEL 
Using the  lumped element representations developed in Section 2 ,  
the equations of motion i n   t h e  room arrangement shown in  F igu re  l a  can be 
constructed wi th  the following conventions. If the  system i s  t r ea t ed  simply 
as having two degrees of freedom, the coordinates for the motion of the 
equivalent window mass and the  e f f ec t ive  a i r  mass in  the connect ing tube can 
be given as x1 and x2 respect ively.  Damping l o s s e s  i n  t h e  system w i l l  be 
assumed to  o r ig ina t e  on ly  in  the  bend ing  s t r e s ses  in  the  window and from t h e  
air f r ic t ion  in  the  connec t ing  tube .  Both of  these losses  w i l l  be considered 
ve loc i ty  dependent and thus  the  forces  assoc ia ted  with t h e  window and tube 
damping can be given as clCl and c f respect ively.  To wr i t e  an equation of 
motion f o r  each of the two masses, m i  and m i ,  consider first a force balance 
on m' under the influence of a suddenly appl ied force,  F( t ) .  The applied 
force will be  balanced  by  the  iner t ia l   force,   the  damping force,  c ~ ? ~ ,  
the  bending  s t i f fness  force ,  kixl, and t h e  room pressure,  Ply applied over 
the equivalent  window area,  A;. The resul t ing equat ion i s  given as 




F ( t )  = mixl 
.. + c 2 + k;xl + AiP1 11 
3 
POc; P1 = - 
v1 
(Aixl - A2x2) 
Simi lar ly  an equation of motion can be writ ten for the m a s s  m; where t h e  
exci t ing force now becomes t h e  room pressure,  Ply applied over the tube 
area, A2. The balancing forces w i l l  b e  t h e  i n e r t i a l  f o r c e ,  mix,, t h e  
damping force c 2 and the  room pressure,  P2,applied  over  the  tube  area, . 
The resul t ing equat ion i s  
2 2’ A2 
P ~ A ~  = m r G  + c222 + P2A2 
2 . 2  (12) 
where 
Subs t i tu t ion  of the pressure terms into equations (10) and ( 1 2 )  y ie lds  
and 
The equations of motion for  the  equiva len t  masses mi and m; a r e  
thus given in  a s e t  of coupled, second order,  differential  equations.  Note 
t h a t  t h e  form of these  equa t ions  d i f f e r s  s l i gh t ly  from t h a t  of the usual  
coupled osc i l la tor  equat ions .  In  th i s  case ,  the  coef f ic ien ts  of  the  d isp lace-  
ment terms contain different combinations of areas and room volumes. The 
degree of coupling between the systems components thus depends l a rge ly  on the  
choice of relative room volumes  and area  ra t ios .  Solu t ions  to  these  coupled  
equations were generated on an  E.A.I.580 analog computer. However, t o  d i r e c t  
the  computer study towards a pa r t i cu la r  problem, a s e r i e s  of experiments were 
first conducted on a r e a l  system having a design similar t o  t h a t  shown i n  
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Figure la .  The experimental  results provided a b a s i s  t o  which t h e  computer 
solutions could be compared and a l s o  allowed for a check t o  be made on t h e  
use of the equivalent mass, stiffaess and area approximations. 
4. PHYSICAL MODEL 
The physical  model shown in  F igure  lb ,  cons is ted  of  two a i r t i g h t ,  
i d e n t i c a l  rooms joined by a common connecting tube. A flanged opening was 
machined i n   t h e   s i d e  of one of  the rooms t o  accommodate a window which was 
secured with modelling clay. Each room was constructed of 9 mm th i ck  
Zylonite and measured 200 x 300 x 400 mm. These dimensions were chosen t o  
represent  a t y p i c a l  room based on a 1 :20  sca l ing  ra t io .  The acoust ic  
pressure in  each room was monitored by a 2'' condenser microphone. The 
Perspex connecting tube had a wall thickness of 4 mm, an inside diameter 
Of 47 mm, and ranged i n  l e n g t h  from 45 mm t o  212 mm. The tube lengths were 
chosen such tha t  the  ra t io  of  the  conta ined  a i r  mass to  the  ad jacen t  room 
s t i f f n e s s  would r e s t r i c t  t h e  r a n g e o f  Helmholtz frequencies t o  wavelengths 
that would be large compared t o  t h e  l o n g e s t  dimension of the room. Meeting 
this  r e s t r i c t ion  ensu res  that  t h e  room pressure w i l l  be nearly everywhere 
uniform and hence t h e  lumped element approach is  a va l id  one. Each tube end 
was indexed so as t o  form an a i r t i g h t  j o i n t  w i t h  the adjoining wall. Before 
the  model w a s  assembled, the  e f fec t ive  length  of the  tube  w a s  determined by 
the following method. A s ing le  Helmholtz resonator w a s  constructed by 
separating the second room together  with the connecting tube from t h e  first 
room containing the window. A f lange was then placed around t h e  f r ee  end 
of the connecting tube to produce end conditions which were i d e n t i c a l  t o  
those obtained when the tube w a s  s t i l l  j o i n e d  t o  t h e  w a l l  of t h e  f irst  room. 
The simple resonator thus consisted of the room air cavi ty  which could 
communicate with the  atmosphere through the cylindrical neck of the connecting 
tube.  Resonance w a s  achieved simply by snapping one's f ingers near the free 
end of the connecting tube. The Helmholtz frequency of this system w a s  
determined by analysing the transient response of t he  room pressure.  The 
angular frequency of this  system i s  given as 
2 
2 -  
w -  A2 
( L  + K v ) V  
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where K is  the empirical constant being sought after. For a s e r i e s  o f  s i x  
different  tube lengths ,  the average K had a value of 1.72 with the maximum 
deviat ion from t h i s  mean not exceeding 3%. The ef fec t ive  mass conta ined  in  
the connecting tube was thus given as 
m' = A2 ( L  + 1.72 ) . 2 
The window was constructed of 1 mm th i ck  Vybar and measured 
140 mm x 240 mm. Since the window was to  be exci ted electromagnet ical ly ,  
a s m a l l  square of iron shim stock w a s  bonded t o  i t s  centre .  On t h e  s i d e  
opposi te  this  locat ion,  a 2 gm accelerometer was mounted t o  monitor the window's 
accelerat ions.  Recal l  from Section 2 t h a t  t h e  e f f e c t i v e  area corresponding 
t o  t h e  fundamental mode was a f ac to r  of 4/r2 t imes  the  ac tua l  a rea ,  A. To 
check experimental ly  this  nuuiber, t h e  window w a s  e x c i t e d  i n  i t s  frame with 
and without the presence of the f irst  room. With the  room present ,  the  
add i t iona l  s t i f fnes s  of t h e  room air caused the frequency of the fundamental 
mode t o  shift upward 17.1%. Using t h e  t h e o r e t i c a l  f a c t o r  of 4/r2 i n  ca l cu la -  
t i n g  t h e  i n c r e a s e  i n  window frequency due t o   t h e  room air  s t i f f n e s s ,  
p c2( 4 A / ~ r ~ ) ~ ,  the frequency shift  should have been 17 .O% . This near agree- 
ment convmcingly demonstrates the validity of the lumped element approach 
t o   t h i s   p a r t i c u l a r  problem. 
O 0 7  
The electro-magnet used t o   e x c i t e   t h e  window was a standard Post 
Office 3000 r e l a y  c o i l  which has a D.C. res i s tance  of  50 ohms. The c o i l  was 
ac t iva t ed  d i r ec t ly  from a D.C.  power supply which was interrupted with a 
low noise  switching t ransis tor .  A s ingle  pulse  of  a rectangular  wave 
generator was used to  t r i gge r  t he  swi t ch ing  t r ans i s to r .  A monitor of the 
cur ren t  in  the  co i l  ind ica ted  tha t  the  pulse  shape  of  the  assoc ia ted  e lec t ro-  
magnetic force was near ly  a ramp function having a pulse width equal t o   t h a t  
of  the rectangular  t r iggering pulse .  
5. MPERLMENTAL  RESULTS 
Experiments were conducted on the  model descr ibed in  Sect ion 4 t o  
determine the extent of mutual coupling between the impulsively excited win- 
dow and the  assoc ia ted  Helmholtz resonances in  the  ad jo in ing  rooms. Changes 
i n   t h e  room's resonant frequencies were achieved by varying the length of the 
connecting tubes. For each tube length, the window acce lera t ion  and 
corresponding room pressure  f luc tua t ions  were recorded on a four channel 
storage oscil loscope. A t y p i c a l  photograph of the data  corresponding to  
a tube length of  1-67 m i s  shown in  Figure 2a.  For t h i s  p a r t i c u l a r  s e r i e s  
t h e  window responded at near ly  a single frequency, thus allowing a good 
approximation of the displacement t o  b e  w r i t t e n  as accelerat ion/(angular  
frequency) . If t h e  air movement in  the  tube  produces  ident ica l  p ressure  
changes i n  each room, an expression relat ing window accelerat ion of room 
pressure  for  th i s  par t icu lar  case  may be obtained from equation (11) i n   t h e  
f o m  
2 
Attempts were made t o  v e r i f y  t h i s  expression quant i ta t ively from Figure 2a 
at several  points in t ime along the response curves.  The resul ts  obtained 
f e l l   e a s i l y   w i t h i n   t h e  limits of the  t ransducer  ca l ibra t ion  e r rors  of 5 0.5 dB 
thus providing a good check on pa r t  of the governing equations developed i n  
Section 3. 
Information on the  spec t ra l  conten t  of  each of the system's 
response data was obtained w i t h  t he  on-line analysis scheme used by the  
I.S.V.R. Data Analysis Centre. The data was processed w i t h  a Marconi  Myriad I1 
d i g i t a l  computer which was programmed for  Four ie r  ( t rans ien t )  ana lys i s .  
Presentat ions of  the resul ts  were made w i t h  an on-line incremental  plotter.  
Typica l  p lo ts  of the Fourier representation of the system's responses in the 
frequency domain a r e  shown in  F igu res  2b, 2c and 2d.  This p a r t i c u l a r  s e t  of 
plots corresponds to  the  rea l  t ime response  data shown in  F igu re  2a. The 
simplicity of the frequency response curves facil i tated the use of the s tandard 
bandwidth method t o  determine the amount of damping i n  each of the system's 
components. This  information was essent ia l  for  obtaining values  for  the 
coef f ic ien ts  in  equat ions  (14 )  and (15).  In  genera l ,  the  damping of t h e  
window w a s  unaffected by t h e  change i n   t h e  room resonance frequencies caused 
by a l t e r ing  the  l eng th  of the connecting tubes. However, t he  damping i n  t h e  
connecting tube as indicated by the  Room 2 pressure response w a s  affected by 
t h i s  change and showed a small bu t  l i nea r  i nc rease  in  magnitude by a f ac to r  
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of 0.25 as the tube length was increased by a f a c t o r  of 4.7. T h i s  l i n e a r  rise 
i n  damping i s  probably due to  the  inc reased  f r i c t iona l  fo rces  a long  the  w a l l s  
of the tube s ince viscous damping is  d i r e c t l y  a funct ion of surface area.  
The frequency response curves also provided useful information 
about the extent of coupling which occurs between the system's components. 
AS the connecting tube lengths were shortened thus increasing the rooms' 
resonant frequencies,  the spec t ra  of  the  window's acce lera t ion  showed an 
increased presence of the frequencies  associated with the rooms' resonances. 
An example of  this  condi t ion i s  shown i n  F i g u r e  3 which is a set of response 
spectra  corresponding to  a connecting tube length of 45 mm. Note,  however, 
t h a t  an expected similar change i n  t h e  c o n t e n t  of t he  Room 2 pressure spectrum 
(Figure  3d) i s  not t o  be  found. The magnitude of the component associated 
with the window frequency i n  t h i s  p l o t  is  not  subs tan t ia l ly  d i f fe ren t  from 
t h a t  shown i n  t h e  l i g h t l y  coupled case observed in  F igu re  2d. This behaviour 
i s  yet without explanation. 
6. COMPUTER SIMULATION 
A comparative study of t h e  problem was conducted on an E.A.I.580 
analog computer.  Equations (14) and (15 )  were sui tably scaled with the 
magnitude scaling factors being based on the following estimated maximum 
values of the  var iab les  : 
x = 0.01 cm ; 2 = 5.0 cm/s ; x = 50 cm/s2 ; 
.. 
1 1 1 
x2 = 0.05 ; g2 = 30 cm/s . 
A t ime scal ing factor  of f3 = 500 was chosen so t h a t ,  with the  
computer i n  i t s  fast mode  of operation, transient solutions could be obtained 
i n  r e a l  t ime for immediate spec t ra l  ana lys i s .  With the  computer i n  i t s  slow 
mode the output could be recorded on a pen recorder .  
The f inal  scaled equat ions may then be writ ten 
[z2/8] - - 1 {-F [?,/30] - G [20 x2] - H[20 x2] + I [lo0 xl] ] m '  2 
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where the coeff ic ients  have the values  
A = c1/20B ; B = k;/10 4 $ ; C = (A;) 2 2 3  poco/10 Bv, ; 
D = A;A2poco/2.10 2 3 BVl; E = l/103B j F = 30 c2/B Y 
G = A2poco/20 2 2  Bv2 ; H = A2po~~/20Bvl 2 ; I = A1 'A p c2/100Bvl . 
The quan t i t i e s  m i  and m' were i s o l a t e d  so  that  individual  potent io-  2 
meters could be s e t  up on t h e  computer t o  r ep resen t  them. 
A scaled version of equation (11) i s  a l so  requi red  to  g ive  the  pressure  
i n  t h e  first room.  The scaled pressure equation may be  wr i t ten  
cP1/lOO] = J PO0 xl] - KIT20 x2] (21)  
where J = pocoA;/10 2 4 v1 
K = p c A /2.10 v1 . 2 3 0 0 2  
The p r e s s u r e  i n  t h e  second room was assumed t o  be  propor t iona l  to  
the vol tage represent ing x2,  as shown by equation (13) .  Values fo r  t he  
quant i t ies  involved  in  the  above coef f ic ien ts  were obtained from the  
experiments conducted on the  phys ica l  model. 
Instead of applying an ex te rna l  fo rc ing  func t ion ,  F ( t ) ,  an i n i t i a l  
ve loc i ty  w a s  imparted t o   t h e  window i n   t h e  form of an i n i t i a l  c o n d i t i o n  on the  
appropr ia te  in tegra tor  in  the  computer.  Provided the durat ion of  the force 
i s  s m a l l  compared with the natural  per iod of  the osci l la tor  under  exminat ion,  
an i n i t i a l  v e l o c i t y  can be thought of as equiva len t  to  an exc i t ing  force .  For 
a system i n i t i a l l y  at r e s t ,  t he  ve loc i ty ,  v ,  acqu i r ed  under the act ion of  an 
impulsive force, i s  v = I E F ( t )  dt/m, where m i s  t h e  mass of t he  system and 
E is  the durat ion of  the force.  This  expression may be writ ten: v = F E / m ,  
where F is the equivalent steady'  force operating for a time E .  
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As an i n i t i a l  check on the  program, the frequencies corresponding 
t o   t h e  uncoupled window and room resonances were measured with an e lec t ronic  
counter. Fine tuning of any frequency that w a s  n o t  i n  agreement wi th  the  
experimental values was made by a s m a l l  adjustment of the potentiometers 
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representing the masses,  mi and mi. A c r i t i c a l  test  of the v a l i d i t y  of t h e  
governing equations rested on the question whether or not the spectra of the 
simulated response data was the  same as that of the experimental  response 
data.  To f a c i l i t a t e  s u c h  a comparison, t h e  method of  on-l ine digi ta l  computer 
analysis  which was used in  the  exper imenta l  s tudy  was applied. An i n i t i a l  
v e l o c i t y   i n   t h e  form of a s t e p  f’unction was appl ied - to  the window mass, m’ 
and the corresponding responses of the window acce lera t ion  and room pressures 
were consecutively recorded and analysed on t h e  d i g i t a l  computer. This type 
of analysis was performed f o r  a number of different  values  of  m’ and c2 
corresponding to  the different  connect ing tube lengths  used in  the experiment .  
A s e t  o f  t y p i c a l  r e s u l t s  from t h i s  s e r i e s  i s  shown in  F igu re  4 which g ives  the  
response data  in  both the t ime and frequency domain. This  par t icular  set  
1’ 
2 
of simulated response data corresponds to the set of  actual  response data  
shown in Figure 2. An ove ra l l  comparison between the simulated and ac tua l  
response data i s  given i n  t a b u l a t e d  form i n  Table 1. 
7. COMPARISON OF ACTUAL AND SIMULATED  EXPERIMENTAL 
RESULTS 
The results of both the actual and simulated experiments supported 
the not ion that  the t ransient  response of a window influences and is  influenced 
by the  Helmholtz resonances of the open room which it encloses.  A measure of 
the mutual influence or coupling indicated that the dynamics of the window, 
room and door combination behave much l i k e  t h a t  g i v e n  by the system’s equivalent 
lumped element representation. A review of Figures 2 and 4 and Table 1 shows 
f o r  t h e  most pa r t  good agreement between theory and experiment i n  terms of 
phase,  amplitude and frequency  content. A discrepancy i s  apparent, however, 
between the  spec t ra l  conten t  of  the  ac tua l  and simulated response of t h e  
Room 2 pressure.  By some yet unexplained mechanism, the  s lug  of  f lu id  conta ined  
in  the  coupl ing  tube  ac ts  t o  f i l t e r  out  the component at the  windok frequency. 
S ince  the  tube  lengths  a re  apprec iab le  in  comparison t o   t h e  wavelength of t h e  
pressure disturbances they transmit,  it would seem reasonable  to  assume t h a t  
t h e  motion of t he  f lu id  in  the  coup l ing  tube  dev ia t e s  somewhat from t h a t  of 
i t s  idealised incompressible model. A veloc i ty  probe  in  th i s  reg ion  wi th in  
the coupling tube would he lp  to  r e so lve  th i s  ques t ion .  
12 
PART 11: COUPLING  STUDIES ON SIMULATED MODELS 
1. FREQUENCY COINCIDENCE BETWEEN THE 
WINDOW AND ROOM RESONANCES 
The near agreement between t h e  model's actual response data and t h a t  
O f  i t s  mathematical representation suggested that  the  computer study could be 
extended within reasonable limits to  inc lude  o ther  condi t ions  as w e l l .  One 
cond i t ion  fo r  t he  dynamic amplif icat ion of t h e  window's response would be the 
case where the frequency of the rooms' Helmholtz resonance was coincident with 
that of  the  window's f'undamental mode.  To obtain such a coincidence of 
frequencies with the simulated model, t h e  rooms' Helmholtz frequency w a s  
progressively  increased by a l t e r i n g   t h e  and  c2  potentiometers. The  window 
displacement and corresponding room pressures were recorded and analysed for 
each  poten t iometer  se t t ing  pr ior  to  and at coincidence. The condition of 
frequency coincidence produced no appreciable change i n   t h e  maximum  window 
displacement f o r  a given forcing function. However, t he  maximum amplitude of 
t he  p re s su re  in  Room 2 exhibi ted a considerable increase.  This amount was 
a factor  of  3.2 above that obtained when the  room frequency was 1/4 of the  
window frequency. This increased coupling was a l s o  evident in the frequency 
spec t ra  of  the  window's accelerat ion.  A s  the condi t ion of frequency coinci- 
dence was approached, the Fourier  component ident i f ied  wi th  the  rooms' Helmholtz 
frequency increased proportionately in magnitude, the extent of which can be 
seen over a short  range of frequency r a t i o s  i n  Table 1. It is i n t e r e s t i n g  t o  
note that  no similar change occurred i n  Room 2 pressure spectra .  Approaching 
the condi t ion of  eequency resonance had l i t t le  effect  on t h e  r e l a t i v e  
magnitudes of the Fourier  components corresponding t o   t h e  window and Helmholtz 
room resonances.  Recal l  that  this  same e f f ec t  w a s  a l so  no t i ced  in  the  
experiments on the  phys ica l  model. 
Although the condition of frequency coincidence produced no dramatic 
changes i n   t h e  m a x i m u m  displacement of the window, the  poss ib le  s ide  e f fec ts  
of the subs t an t i a l  i nc reases  in  the  maxima of the corresponding room pressures 
bear mention. A t  coincidence, the maxima of t h e  room pressures were near ly  
of t he  same magnitude with the second room's being s l igh t ly  h igher  than  the  
f irst  room's. I n  terms of sound pressure level,  the magnitude of these 
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maximum room pressures measured approximately 100 dB. On a full s c a l e  b a s i s ,  
t h i s  i s  t h e  sound pressure level that would result from a 0.5 mm displacement 
of a window (2  x 3 m )  backed by two adjoining rooms (each 4 x 6 x 8 m ) .  
Although the  low frequency ranges of room Helmholtz resonances would usually 
f a l l  below the hearing range of humans, t h e   i n t e n s i t y  level at which they 
occur could be quite severe and could easily produce start le effects among 
the  rooms ' inhabi tants .  
2. MODEL OF TWO WINDOWS I N  A SINGLE ROOM 
Since rooms usual ly  contain more than one window, it i s  important 
t o  know on a quant i ta t ive  bas i s  how e f f i c i en t ly  the  enc losed  room a i r  couples 
the responses of two similar windows. O f  p a r t i c u l a r  i n t e r e s t  would be a 
measure of the extent  of  coupl ing as a funct ion of  room volume and nearness 
of window frequencies. To develop appropriate coupled equations t o  d e s c r i b e  
these  condi t ions ,  the  same procedure as desc r ibed  in  Pa r t  I was followed. 
By using lumped element representation, equations describing the case of two 
windows enclosing a s ing le  room were developed i n   t h e  form 
The cons tan t  coef f ic ien ts  in  the  above equations represent those 
same quant i t ies  as g iven  in  Par t  I, but now subscr ip ts  1 and 2 are  representat ive 
of t h e  first window and second window respect ively.  
To guide the computer s tudy,  the physical  model used i n  P a r t  I was 
modified t o  a s ingle  room arrangement having two windows mounted i n  o p p o s i t e  
walls. Since the dimensions and materials of t h e  room and window components 
were unchanged, the constant  coeff ic ients  associated with each component were 
also considered to be unchanged. Thus i n  s e t t i n g  up equations (22) and (23) 
f o r  t h e  computer s tudy ,  the  va lues  for  the  cons tan t  coef f ic ien ts  in i t ia l ly  
were chosen t o  b e  t h e  same as those obtained from the frequency analyses of 
the various responses in Part  I. For t h i s  s e r i e s  of computer simulations,  
the forcing f 'unct ion,  F( t ) ,  was gene ra t ed  ex te rna l ly  in  the  form of a s ing le  
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rectangular  pulse  which w a s  s u i t a b l y   s c a l e d   b o t h   i n  magnitude and period. 
Using the previous time and magnitude sca l ing ,  the  sca led  form of 
equations (22) and (23)  can be written as 
508 - G pOOx2] - H pOOx2] + I pOOxl] } 
where 
Since the maximum bending  s t ress  in  a window i s  d i rec t ly  propor t iona l  
t o  i t s  m a x i m u m  cent re  def lec t ion ,  it w a s  decided that  a usefu l  measure of 
coupling between windows would be given in  express ing  the  maximum displace- 
ment of the second window as a f r ac t iona l  pa r t  of t h e  maximum displacement 
of the first window, i . e .  ( x ~ ) ~ ~ / ( x ~ ) ~ ~ ~ .  The funct ional  dependence  of 
t h i s  r a t i o  on room s i z e  and nearness of window frequencies was determined 
by varying the potentiometers corresponding to the room volume, V ,  and t h e  
m a s s  of t he  second window, m;, respect ively.  The r e su l t s  a r e  g iven  in  
Figures 5 and 6. 
Similar  tests were a l s o  performed on the  ac tua l  model. The s ingle  
data  point  which w a s  ob ta ined  fe l l  reasonably  c lose  to  the  cor responding  
point on the simulated curves. 
The inverse  re la t ionship  between the coupl ing of  the two i d e n t i c a l  
windows and t h e  room volume i s  more gent le  than m i g h t  be expected. An 
i n c r e a s e   i n  room s i z e  by a fac tor  of  3 only decreased the coupling by 1 /4 .  
However, as a precautionary note,  it should be recalled that  an assumption 
i n  the s i r n u i o n  i s  t h a t  the pressure disturbance be everywhere uniform i n  
the  room. A s  t h e  room volume is  made l a r g e r  and l a r g e r ,  this condition 
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might b e  d i f f i c u l t  t o  r e a l i z e  p h y s i c a l l y  and thus Figure 5 should be 
interpreted with care .  
For the given room volume, Vs the degree of coupling between two 
windows having nearly the same frequencies can be considered t o  b e  q u i t e  
strong. Even where the frequencies  differ  by as much as a f ac to r  o f  50.4, 
the second window responds a t  near ly  1 / 2  of  the first window's maximum 
displacement. With such strong coupling, it i s  e a s y  t o  imagine c e r t a i n  
s i t ua t ions  where, s a y ,  an external impulse reaches a window before o r  a f t e r  
it has. been exci ted internal ly  through the coupl ing act ion of  another  window. 
Then, depending on the  phase  r e l a t ive  to  the  window motion, the external 
force would e i the r  ac t  t o  dec rease  o r  increase  the  maximum displacement of 
t he  window by an amount proport ional  to  the r ichness  of  i t s  spectral  content  
at the  window's resonant frequency. 
3 .  MODEL OF TWO MUTUALLY J O I N E D  ROOMS EACH CONTAINING 
A WINDOW 
Another common arrangement of room-window combinations i s  the case 
where two rooms, each containing a window, are joined by a common door o r  
hallway. As shown i n  t h e  earlier cases,  under certain conditions,  the 
t r ans i en t  motion of a window can exc i t e  t he  Helmholtz resonance i n   t h e  open 
room it encloses. If a second room, a l so  containing a window, shares  the 
same opening, e.g. a doorway, the pressure dis turbances in  the second room 
due t o  t h e  Helmholtz  resonances  could  cause i t s  window t o  respond. O f  
p a r t i c u l a r  i n t e r e s t  would be the extent  of  this  response as a function of 
the nearness of the frequency of the window t o   t h a t  of t h e  Helmholtz room 
resonance. 
To study this condition, equations were s e t  up according t o   t h e  
procedure developed i n  P a r t  I i n  t h e  form 
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2 2  2 .. poco(A;) x3 pocoA2A;x2 
0 = rnt3x3 + c 2 + k'x + 
3 3  3 3  v2 v2 
c 
where the  subscr ip ts  1, 2, and 3 are representative of the window i n   t h e  first 
room, the  air  s lug contained in  the connect ing chamber, and the  window i n  the  
second room respectively. Since the second window was i d e n t i c a l  t o  the f irst  
window and all else was unchanged, the values  for  the constant  coeff ic ients  
i n   t h e  above equations were t h e  same as those obtained experimentally i n  
Par t  I. The forcing f'unction, F(t), w a s  genera ted  ex terna l ly  in  the  form of 
a s ingle  rec tangular  pu lse  which was suitably scaled both for magnitude and 
for period. Using t h e  same time and magnitude sca l ing  as i n  P a r t  I ,  the 
sca led  form of the equations (26), ( 2 7 )  and (28) can be wr i t ten  as 
.. [&I = 2 a' 1-K [ - ]  - L L100x3] - M [lOOx 1 + N pox2] 1 
3 3 
where A = K = c/20 6 
B = L = k'/10 B 4 
C = M = p c2(A' )2/10 4 VB 
0 0  
D = N = gc:(A,)(A' ) / 2  x lo3  VB 
E = 1/1038 
F = 30 c2/B 
G = H = A$ c:/20 v6 
J = I =  pocoA'A2/100 8 VB 
A useful  expression for  examining the extent of coupling be tween 
windows i n  s e p a r a t e  rooms joined with a common doorway i s  given as t h e  r a t i o  
of  the  two windows' maximum displacements , i .e-. ( x ~ ) ~ ~ ~ / ( x ~ ) ~ ~ .  A measure 
of this r a t i o  w a s  determined first for  the  condi t ion  of holding t h e  window 
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frequency constant while changing that of  the  rooms' Helmholtz resonance, 
and second, for  the  condi t ion  at a f ixed  room Helmholtz frequency with 
d i f f e r ing  r a t io s  o f  window frequencies.  These changes were made on t h e  
computer c i rcui t  by adjust ing the potent iometers  corresponding to  the masses 
m i  and m' The results of  these  s tud ies  a re  shown in  F igu res  7 and 8. 3' 
To check experimentally the computer s tudy,  the physical  model 
descr ibed  in  Par t  I was modified accordingly by adding a window t o   t h e  
second room.  The model thus consisted of two i d e n t i c a l  rooms with two 
i d e n t i c a l  windows joined by connecting tubes of variable lengths. 
Figure 7 shows t h a t  two i d e n t i c a l  windows can couple quite strongly 
even when each i s  l o c a t e d  i n  s e p a r a t e  rooms which are connected by a common 
hallway. The s t rength  of the coupling i s  d i r e c t l y  a function of the proximity 
of t he  windows' resonant frequency t o   t h a t   o f   t h e  rooms * Helmholtz resonances. 
Near frequency coincidence the second window reaches near ly  the same maximum 
displacement as the  f irst  window. If, during the maximum response cycle of 
t he  second window, a.n external impulsive load was applied,  e.g.  a r e f l ec t ed  
sonic boom, t h e  maximum t o t a l  displacement could be considerable. 
Figure 8 shows t h e  dependence of the coupling on the proximity of 
t he  two window frequencies  for  two f ixed frequencies  of  room Helmholtz 
resonances. As  i s  the previous case involving two windows loca ted  i n  t h e  
same  room, the coupling remains quite high over a wide range of frequency 
r a t i o s .  Even where t h e s e  r a t i o s  d i f f e r  by as much as a f ac to r  of 50.30,  t he  
second window responds at near ly  1 / 2  t h e  m a x i m u m  displacement of the f irst  
window . 
CONCLUSIONS 
I n  connected rooms which are enclosed by l a rge  windows, motion of 
t he  windows i n   t h e i r  fundamental modes influences and is influenced by t h e  
Helmholtz resonances of t he  rooms. 
Mathematical descriptions of such systems which u t i l i s e   equ iva len t  
lumped element representations produce response data which closely resemble 
those obtained from experiments performed on physical  models. 
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A coincidence of frequencies between the windou and room cavi ty  
resonance produced no i n c r e a s e   i n   t h e  max imum response of t h e  window f o r  a 
given loading. However, t he  room pressure reached a m a x i m u m  which was 3.2 
t imes higher than that corresponding to the case where t h e  two frequencies 
d i f f e red  by a f ac to r  of 4. 
When two similar, l u g e  windows share  the  same room, the motion of 
one can cause the  o ther  to  respond wi th  near ly  the  same m a x i m u m  amplitude. 
With two similar, l a rge  windows l o c a t e d  i n  d i f f e r e n t  rooms joined 
by a common doorway, t h e  i n i t i a t i o n  o f  t h e  Helmholtz room resonance by motion 
of the window i n  one room can cause the window in  the  ad jo in ing  room t o  respond 
at near ly  the same maximum amplitude. 
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Frequency  Ratio of Magnitude Ratio o f  Two Major Fourier Components i n  
Two Major Fourier Response Spectra 
Components i n  
Response Spectra Comp. at Helmholtz Frequency ( - Comp. at Window Frequency 1 
Helmholtz Freq 
Window Freq. ( * I  Window Pressure  Pressure Acceleration Room 1 Room 2 
Exp . Sim. Exp. Sim. Exp . Sim. Exp . Sim. 
0.71 - 0.72 - 1.05 c 3.85 - 
0.61 0.60 0.25 0.19 1.18 1-97 5.40 2.05 
0.55 0.54 0.14 0.10 1.01 1 .ll 6.53 1.71 
0.52 0.52 0 .og 0.07 0.81 0.81 6.01 1.60 
I i 0.49  0.49  0.07  0.07 0.81 0 *79  7-50 2.06 
TAE3LE 1: COMPARISON  OF SPECTRAL DATA BETWEEN EXPERIMENT AND 
SIMULATION 
ROOM CONNECTOR WINDOW 
Volume V Equivalent air Equivalent area A '  
Equivalent  mass m, I 
Equivalent 
stiffness k: 
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Fig. 4 Transient responses of simulated  model. ( L =167 mm. as in 
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separate rooms joinod by a common 
door way. 
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Fig.8 Coupling between  two  windows  ofdifferent 
frequencies in separate  rooms joined by a 
common  doorway. 
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